Introduction
Recognition of tumor antigens (TAs) processed and presented by professional antigen-presenting cells (APCs) to naive CD45RA + T cells leads to clonal expansion and to the generation of effector and memory CD45R0 + T cells. Thus, the frequency of T cells specific for TAs is much higher among memory than among naive T cells. Memory cells have several functional properties that distinguish them from naive cells, such as (a) an ability to respond to lower antigen concentrations, (b) faster proliferation following antigenic stimulation, (c) more rapid display of effector functions, (d) the potential to release a broader spectrum of cytokine, and (e) a pattern of adhesion molecules that allows access to peripheral tissues (1) (2) (3) . Moreover, memory T cells are less dependent on costimulation provided by APCs (4-6) and can divide in the periphery long after antigen stimulation, sometimes even without any evidence for the persistence of their cognate antigen (2, 3) .
The memory T cell population differs from naive T lymphocytes in the expression of several surface markers such as CD45 isoforms, β-integrins, CD44, CD62L (L-selectin), and CCR7 (1, 2, 7) . In many different species, the low-molecular-weight isoforms of CD45 are present on memory cells, whereas naive T cells express the highest-molecular-weight isoform (defined in humans as CD45R0 and CD45RA, respectively) (7). CD45RA + naive T cells uniformly display high levels of CD62L and of the chemokine receptor CCR7. CD62L and CCR7 are required for cell entry into lymph nodes through high endothelial venules (8, 9) . In contrast, a subpopulation of CD45R0 + CD45RA -memory T cells loses expression of these adhesion molecules. Instead, they express P-selectin glycoprotein ligand 1 (PSGL1), a ligand that mediates homing to P-selectin on peripheral tissues with activated inflamed endothelium (10) . CD45R0 + CD45RA -memory T cells can be divided into CD62L + CCR7 + nonpolarized 'central memory' (CM) and CD62L -CCR7 -polarized 'effector memory' (EM) cell populations (11) (12) (13) (14) (15) . These two subsets depend on different environmental and survival stimuli that determine their homing and functional properties (12, 13) .
We previously reported that tumor cell-vaccinated mice harbor in their bone marrow (BM) small numbers of dormant tumor cells and also memory T cells that provide protection against further tumor cell challenge (16, 17) . The BM of breast cancer patients was enriched for tumor-specific memory T lymphocytes (18) . Such T cells could be stimulated in vitro to produce IFN-γ and to acquire antitumor cytotoxicity in vitro and in vivo (19) .
Pre-existing tumor-specific T cells from cancer patients apparently fail to reject tumors. It is believed that such failure is due to insufficient stimulation during priming, inadequate polarization of T cells with cytokines released by the tumor stroma, anergy, or direct immunosuppression within the tumor tissue (20) . Therefore, vaccination protocols are designed to generate effector T cells from naive cells (21, 22) . However, the efficiency of such priming may be limited due to the low frequencies of tumor-specific naive T cells. In contrast, tumor-reactive memory T cells, which show higher frequency and are present in the BM of cancer patients, may exert therapeutic effects after reactivation and mobilization with appropriate tumor vaccines.
In the present study, we separated naive and memory T cells from BM of cancer patients, co-incubated them with TA-presenting DCs, and tested their potential to infiltrate and reject autologous tumor xenotransplants upon adoptive transfer with DCs. We demonstrate that only memory T cell subsets were capable of tumor infiltration and rejection. Tumor infiltration was associated with expression of PSGL1 on T cells and their colocalization with P-selectin + tumor endothelium, thus suggesting a role for these adhesion molecules in the homing of memory T cells to human breast cancer. Our results demonstrate that TA-specific activated CM and EM but not naive T cells from the BM of cancer patients have the therapeutically relevant property to selectively home to, recognize, and reject autologous tumor tissue.
Results

T cell subsets in the BM of cancer patients.
Mononuclear cells were freshly isolated from BM of 22 breast cancer patients and were stained for different T cell markers (Table 1 ). All CD3 + T cells expressed ICAM-3, which plays a key role in bidirectional interactions of T cells and DCs (23) . Of BM T cells, 47% showed a naive phenotype (CD45RA + CD62L + ) and 38%, a memory phenotype (CD45R0 + CD45RA -). The latter subpopulation contained significantly more EM (CD45RA -CD62L -) than CM (CD45RA -CD62L + ) T cells (25% and 13%, respectively; P < 0.001). Most of CD62L + cells within CD45RA -T cells simultaneously expressed CCR7, thereby suggesting their CM nature ( Table 1) . The P-selectin ligand PSGL1, which is expressed on a subset of memory T cells (24, 25) , was detected on 76% ± 12% of memory T cells (Table 1) . No significant differences in PSGL1 expression were found between CD4 + and CD8 + T cells or between CM and EM T cells (data not shown). This shows the binding capacity for P-selectin of the majority of CD45R0 + T cells from both memory subsets.
TA-specific CD8 + T cell subsets from patients' BM. We determined the frequencies of CD8 + T lymphocytes from BM and peripheral blood (PB) of breast cancer patients and healthy donors with specificity for defined TAs by staining with tetrameric complexes containing HLA-A2 and peptides derived from the tumor-specific proteins MUC1 (LLLLTVLTV) or Her-2/neu (KIFGSLAFL) (Figure 1 , A-C). Compared with staining with tetrameric complexes containing the HIV-derived peptide SLYNTVATL as a negative control, we detected low frequencies of MUC1-or Her-2/neu-specific T cells in BM (0.13% ± 0.09% and 0.15% ± 0.10% of total CD8 + T cells; n = 7 and 5, respectively) and PB (0.10% ± 0.08% and 0.14% ± 0.08% of total CD8 + T cells; n = 15 and 4, respectively) of healthy donors. In contrast, patients had higher frequencies of TA-specific T cells in their BM (0.37% ± 0.8% and 0.3% ± 0.2% of total CD8 + T cells; n = 21 and 15, respectively) or PB (0.71% ± 1.09% and 0.14 ± 0.12% of total CD8 + T cells; n = 18 and 8, respectively) ( Fig. 1 , B and C).
To define the T cell subsets with TA specificity, we also stained these samples with mAb's against CD8, CD45RA, and CD62L. Because we previously reported higher antitumor reactivity for BM T cells than for PB T cells (19) , we focused this analysis on BM T cells. Among patients' CD8 + T cells there were significantly more TA-specific cells in the CD45RA -memory subset than among naive CD45RA + T cells (70% ± 26% versus 9% ± 9%, respectively, for MUC1 peptide, n = 7; and 64% ± 23% versus 17% ± 14%, respec- tively, for Her-2/neu peptide, n = 8; P < 0.0001; Figure 1D ). Within the memory population, TA-specific T cells had an EM rather than a CM phenotype (81% ± 17% versus 19% ± 17%, respectively, for MUC1 peptide; and 74% ± 18% versus 26% ± 18%, respectively, for Her-2/neu peptide; P < 0.0001, Figure 1D ). After short-term incubation with autologous DCs pulsed with the Her-2/neu-derived peptide KIFGSLAFL, BM memory T cells from 7 of 26 tested patients were able to produce IFN-γ by ELISPOT assay ( Figure 1E ). In contrast, none of seven healthy donors contained Her-2/neu-reactive T cells in their BM. Furthermore, specifically activated T cells from all five patients tested produced perforin (data not shown) and exerted specific cytotoxicity against HLA-A2 + T2 target cells loaded with MUC1-derived peptide, while BM T cells from four tested HLA-matched healthy donors stimulated in a similar way failed to exert TA-specific cytotoxicity (Figure 1F ). In addition, the BM of all these patients contained significantly higher numbers of CD8 + T cells binding to HLA-A2/MUC1 tetramers (>0.3% of total CD8 + T cells) than did BM of healthy donors (data not shown). These results corroborate our previous study in which DCs loaded with tumor lysate reactivated memory T cells, which then developed into IFN-γ-producing and cytotoxic effector cells (19) . Thus, TA-specific memory T cells from patients' BM are apparently primed by TAs from their own tumor and can recognize and react to TA cross-presented on DCs.
Selective homing to xenotransplanted tumor by autologous CD45R0 + EM and CM but not by CD45RA + T cells. To test the therapeutic potential of different T cell subsets from cancer patients, we designed a protocol of adoptive cellular immunotherapy (ADI) that is outlined in Figure 2 . BM aspirates from a cancer patient provided the source of mononuclear cells for in vitro generation of autologous T cells and DCs, which were further depleted of contaminating cells as previously described (19) . Then, T cells were separated via MACS MicroBeads into CD45RA + naive and CD45RA -memory subsets. DCs were pulsed with autologous tumor lysate (Tu-L) or with autologous PBMC lysate (PB-L) (as a negative control; not depicted) followed by co-incubation for 20 hours with a fivefold excess of sorted memory or naive T cells. Finally, cell suspensions containing 2.5 × 10 6 T lymphocytes and 0.5 × 10 6 DCs were inoculated intraperitoneally into NOD/SCID mice that had been implanted subcutaneously 16 days before with 5 × 5-mm pieces of autologous freshly excised primary tumors and of normal skin. Then, 9-21 days later, the experiment was terminated and human tumor and skin tissue were removed and analyzed for infiltrating cells.
After adoptive transfer, the separated and specifically stimulated CD45RA + naive T cells did not infiltrate autologous tumor tissue ( Figure 3A and Table 2 ). In contrast, the separated and specifically stimulated memory T cells were found to infiltrate autologous human tumor transplants. Interestingly, the cells did not infiltrate autologous normal skin transplants ( Figure 3A) , which showed no signs of inflammation. Tumor-infiltrating lymphocytes (TILs) contained CD4 as well as CD8 T cells that expressed the memory marker CD45R0 and were CD45RA -( Figure 3B ). Tumor infiltration was antigen specific, as T cells activated with irrelevant antigens (PB-L instead of Tu-L) were only found in very low numbers within tumor tissue (Table 2 ). For in vivo experiments, we used for specific activation of BM T cells DCs pulsed with autologous Tu-L rather than with tumor-specific peptides, because Tu-L mimics a physiological situation and allows polyclonal activation of CD4 + and CD8 + T cells. Memory T cells from breast cancer patients were able to distinguish DCs pulsed with autologous Tu-L from DCs pulsed with autologous PB-L, as they were activated only by the former APCs. CD62L staining of TILs revealed the presence of both CM and EM T cells (44% and 56% of infiltrating CD3 + T cells, respectively), indicating that both subsets were able to enter peripheral nonlymphatic tumor tissue (Table 2 ). Nine days after the transfer, the T cell activation marker CD26 was expressed by some TILs (34% ± 8% of total CD3 + T cells; n = 5), whereas the early activation marker CD69 was not detected. Almost half of these TILs showed expression of CD62L (40% ± 9% of CD3 + T cells; n = 5), suggesting their CM phenotype. Immunohistochemical staining also revealed the presence of transferred CD11c + DCs in the tumor (Figure 3C ), which were often seen in close association with CD3 + T cells ( Figure 3C ). In contrast, transferred CD11c + DCs were not found in skin transplants ( Figure 3D ).
Expression of P-selectin by inflamed peripheral endothelium plays a major role in directing memory and effector T cells to the sites of inflammation (10) . We therefore investigated the role of this adhesion molecule in T cell trafficking to breast cancer. We found expression of P-selectin in nine of ten primary breast tumors ( Figure 4A ) but not in skin biopsies or their xenotransplanted counterparts (data not shown). P-selectin expression was retained for a long time after transplantation of these tumors into NOD/SCID mice in seven of nine cases (78%) ( Figure 4B ). Moreover, at day 9 after the transfer of activated autologous BM memory T cells into tumor-bearing animals, we found PSGL1 + T cells in close proximity to P-selectin + endothelium (Figure 4, C and D) . Therefore, interactions between PSGL1 and P-selectin could facilitate tumor tissue infiltration by transferred memory T cells. We did not detect PSGL1-expressing T cells in tumor grafts from control animals (which did not receive autologous memory T cells), most probably due to the emigration of pre-existing TILs (ref. 24 and data not shown).
The fact that adoptive transfer of CD45RA + naive T cells did not lead to tumor infiltration could be related to their insufficient survival. To investigate this, we reisolated cells from spleen 30 days after transfer of 2.5 × 10 6 naive or 2.5 × 10 6 memory T cells. The spleens of mice that received naive T cells contained 0.04% human CD3 + T cells, while spleens of mice that received memory T cells contained 0.13% human CD3 + T cells. A majority of transferred CD45RA + cells retained this marker, indicating that xenoreactivity did not play a major role in T cell activation in this experimental setting. Animals receiving memory T cells harbored almost exclusively T cells of memory phenotype (data not shown). Thus, both naive and memory human T cells survived for a long time after transfer into NOD/SCID mice.
Perforin expression and tumor regression by CD45R0 + but not CD45RA + T cells. Intracellular staining of BM T cells from seven breast cancer patients at day 6 of coculture with DCs pulsed with Tu-L revealed perforin expression in both CM and EM CD8 + T cells ( Figure 5, A  and B ). This suggests an acquisition of cytolytic capacity in both subsets within 1 week of stimulation. In contrast, the CD45RA + naive fraction stimulated under the same conditions did not contain perforin-expressing cells (data not shown). A single injection of specifically re-stimulated autologous sorted CD45RA -memory BM T cells together with DCs into NOD/SCID mice at day 16 after tumor implantation resulted in a significant decrease in tumor diameter compared with that of either untreated animals or animals treated with nonspecifically re-stimulated memory T
Figure 2
Scheme of ADI with activated autologous memory or naive T cells of human breast cancer specimens transplanted into NOD/SCID mice. After surgery, breast cancer specimens were transplanted subcutaneously into NOD/SCID mice. BM aspirates were obtained from patients during surgery. DCs and T cells (TC) from patients' BM were generated, pulsed and transferred into NOD/SCID mice as described in Methods. Representative histograms show stainings for corresponding markers on enriched cell subsets (purple) and for isotype control (white). OP, tumor excision.
Table 2
Immunohistological analysis of tumor-infiltrating CD3 + T cells 
Discussion
This study addresses the therapeutically important issue of tumor target recognition and infiltration by subsets of specifically reactivated autologous human T cells. As homing to a target tissue is a prerequisite for its rejection by T cells, the identification of the molecules and mechanisms of tissue-specific homing is important. The trafficking patterns of memory T cells are remarkably heterogeneous and distinct from those of naive T lymphocytes that home to secondary lymphoid tissues. Previous studies provided evidence that tumor-or pathogen-specific memory T cells are enriched in the BM of mice and humans (12, 16, 18, 26) and that tumor-specific memory T cells generated in the BM of cancer patients can exert antitumor effects after shortterm stimulation (19) .
To study the migration of transferred, specifically reactivated, patient BM memory or naive T cells and their potential for tumor rejection, we applied the recently described NOD/SCID mouse model, which is suitable for the engraftment of human breast tumors and normal cells (27, 28) . Autologous breast cancer trans- and ×400 (C). (D) Numbers of CD3 + T cells and CD11c + DCs in tumor or skin transplants determined by immunohistochemistry at day 9 and day 21 after ADI (black bars) and from untreated mice (white bars). Tumor and skin transplants from untreated mice (white bars) were used as a control. Means ± SD from three independent experiments (specimens from three patients transplanted into five mice) are depicted. Three sections per transplant and mouse were analyzed. *P < 0.05, significant differences compared with corresponding untreated controls.
Figure 4
Colocalization of P-selectin-expressing xenotransplanted tumor endothelium and PSGL1 + T cells in ADI-treated animals. Tumor tissues from three patients were transplanted into five mice. (A and B) P-selectin expression (red) in primary tumor (A) and 19 days after xenotransplantation (B). Slides were counterstained with hemalaun. (C and D) P-selectin expression (red) and PSGL1 expression (dark blue; arrowheads) by human TILs 9 days after ADI. Original magnifications, ×200 (A and B) and ×400 (C and D).
plants were shown to engraft in NOD/SCID mice without changing their histomorphology or expression of tumor markers (e.g., MUC1) (19, 29) . Transfer of sorted, autologous, reactivated BM memory T cells (CD45RA -CD45R0 + ) and DCs led to an infiltration of tumor transplants in NOD/SCID mice by CD4 and CD8 T cells as well as DCs. DCs often colocalized with the T cells and were previously shown to play an important role in this ADI model (30) . Infiltration with DCs and CD4 and CD8 T cells was associated with tumor regression and tumor cell destruction in situ, suggesting a possible role of each cell type in tumor regression (30) (31) (32) . In contrast, enriched naive BM T cells (CD45RA + ), after adoptive transfer, failed to migrate into the tumor area and to cause tumor regression. As no or few T lymphocytes or DCs were observed in patients' tumor specimens growing in control (untreated) mice or in mice treated with sorted re-stimulated naive T cells and DCs, almost all human tumor-infiltrating cells detected in tumor transplants from ADI-treated groups originated from the injected memory T cells that were specifically reactivated by cognate interaction with TA-presenting DCs (30) .
Numerous previous studies performed in SCID mice with human tumor cells demonstrated impaired effector functions or even anergy of allogeneic human T lymphocytes upon their adoptive transfer (33, 34) . In view of those experiences, the strong graft-versus-tumor reactivity observed in this ADI model with autologous patient-derived T cells appears particularly significant. It may be explained (a) by the proper compartment (i.e., BM) from which the T cells were derived (18, 19) ; (b) by the specific re-stimulation step ex vivo suitable for memory cell activation (19) This study characterized BM T cells from breast cancer patients with regard to phenotype, fine specificity and function to find out which cells were capable of human tumor infiltration. Patients' BM contained both CM and EM CD4 + and CD8 + T cells. Tetramer staining revealed the presence of both CM and EM CD8 + T cells specific for peptides derived from the breast cancer-associated proteins MUC1 and Her-2/neu (35, 36) . CCR7 -CD62L -EM cells recognizing a peptide of Melan-A have been demonstrated in melanoma patients (37) . Furthermore, we found that memory cells produced IFN-γ and became cytotoxic after re-stimulation with DCs loaded with peptides derived from Her-2/neu or MUC1 but not with irrelevant peptides (from insulin or HIV). In addition, none of the healthy donors tested had tumor-reactive T cells in their BM. These data indicate the specificity of the observed antitumor responses.
In the present study, BM-derived EM and CM T cells expressed perforin after being stimulated with DCs pulsed with Tu-L. The perforin/granzyme system is important for the cytotoxic activity of CD8 + T cells and can result in apoptosis of target tumor cells (38) . Our findings suggest that both memory subsets derived from BM of cancer patients can be responsible for the observed therapeutic effects. CM T cells express CD62L and the chemokine receptor CCR7 and home to the T cell areas of secondary lymphoid organs. In contrast, CCR7 -CD62L -EM cells acquire the capacity to migrate to nonlymphoid tissues (11) (12) (13) (14) (15) . Although CM but not EM cells accumulated in lymph nodes, both cell types were detected in similar amounts in nonlymphoid tissues such as liver and lung (39) . Therefore, CM and EM T cells may be flexible and capable of changing their homing properties.
The migration of effector and memory T cells to inflamed tissues is mediated by P-selectin expressed on activated endothelium (10), whereas retaining of T cells in inflamed tissues depends on antigen recognition on infected or tumor cells (recognized by CD8 T cells) or on APCs (recognized by CD4 and CD8 T cells) (40) . P-selectin was found to be expressed in a majority of human breast tumors (41) . As P-selectin expression was conserved in most tumors after xenotransplantation into NOD/SCID mice, recognition of this receptor by the transferred tumor-specific memory T cells could provide a potential basis for their immigration. It has been shown that induction of PSGL1 on T cells requires both antigen-specific activation via the TCR and additional signals from DCs, such as IL-12 (24, 25) . This cytokine plays a major role in the induction and maintenance of Th1 cells, which in contrast to Th2 cells express PSGL1 upon activation (25) . We have recently demonstrated a release of high amounts of IL-12 by autologous DCs loaded with Tu-L from breast cancer patients upon cognate interaction in vitro with TA-reactive, IFN-γ-secreting Th1 T cells (19, 30) . In accordance with this finding, we observed here that more than 30% of adoptively transferred memory T cells infiltrating autologous tumors expressed PSGL1. Furthermore, both CM and EM T cells from patients expressed high levels of PSGL1. Accordingly, both subsets could be detected within xenotransplanted tumors after adoptive transfer. The data on CM T cell infiltration are supported by recent findings in a murine model describing efficient rejection of pathogens in nonlymphatic tissues by CM T cells (39) .
We saw virtually no infiltration of implanted breast cancer tissue by T cells after transfer of stimulated CD45RA + naive T cells, although such cells survived in the PB and spleen of the xenogeneic host. The absence of tumor infiltration may reflect a low activation rate of these T cells by TA-pulsed DCs due to low numbers of TAspecific precursors, resulting in a consequent lack of PSGL1 induction. Blocking experiments have demonstrated an essential role for interactions between P-selectin and its ligands in the migration of murine memory and effector T cells to inflamed tissues (10) . Memory T cells activated with TA-laden DCs migrated only into autologous tumor specimens but not into autologous normal tissue (skin transplants). Skin tissue, which was used as a control, differed from tumor tissue in tissue antigen expression and in the pattern of adhesion molecules expressed on its endothelia. It remains to be determined if the lack of skin infiltration was due to the absence of activated autoreactive T cells or to insufficient adhesion molecule expression. Yee et al. (21) have recently reported that a melanoma patient developed inflammatory vitiligo in the skin after adoptive transfer of activated MART-1/MelanA-specific CD8 + T cells, thus suggesting that these cells can invade not only tumor but also normal tissues. It is important, however, that activated memory T cells were able to distinguish between malignant and benign tissues. The selectivity was thus seen at the level of T cell subsets (CD45R0 + versus CD45RA + cells) and at the level of the target (tumor versus normal) tissues.
We observed that both memory T cell types and DCs, which were involved in cognate interactions during the short-term ex vivo memory stimulation step, comigrated in vivo to the site of the tumor, where they formed clusters (Fig. 3C) , and later on to the BM (our unpublished observation). DCs are known to deliver survival signals to T cells especially during cognate interactions (42) . We previously reported increased production of IFN-α and IL-15 (which may represent such survival factors) in the supernatants of T cell-DC cocultures upon cognate interaction (30, 43) . IFN-α induced in DCs by human T cells was shown to be required for IL-12 receptor β expression on human T cells, which then enabled them to respond to IL-12 and to differentiate into Th1 cells (44) . IL-15 is produced by several cell types, including DCs, and plays an essential role in the expansion of human antigen-specific memory CD4 + and CD8 + T cell populations in vivo (45, 46) . We have recently reported that ADI was not successful when the re-stimulated human BM T cells were transferred without DCs (30) . The longterm survival of DCs in vivo might be explained by appropriate stimulatory signals obtained from activated T cells (47) . Thus, the transfer of re-stimulated memory T cells and DCs may provide in vivo survival factors important for both cell types.
In conclusion, we have demonstrated that BM of breast cancer patients contains both CM and EM T cells reactive against TA. Upon appropriate activation with DCs, these T cells, in contrast to CD45RA + naive T cells, are capable of homing to and rejecting autologous breast cancer transplants in NOD/SCID mice. PSGL1/ P-selectin interactions are suggested to facilitate such homing of memory T cells to tumors. The eradication of tumor tissues occurs without affecting normal skin transplants. The functional and phenotypic heterogeneity of memory T cells may be responsible for their complementary functions. EM T cells can efficiently provide an immediate local response on the basis of their reduced activation requirements and increased frequency. In contrast, CM T cells are capable of rapidly generating a large number of effector cells based on their high proliferative capacity and ability to differentiate into effectors. The generation of two long-term surviving subsets of memory T cells has recently been visualized in immunized mice (13) . We envisage that appropriate in vitro reactivation and expansion of BM derived autologous tumor-specific memory T lymphocyte populations and their adoptive transfer
